Templates are widely used to produce artificial nanostructures. Here, laser assisted selforganization has been used to form one-and two-Dimensional (D) nanoarrays of Cu nanocrystals. Using these nanoarrays as a template, a 2D patterned ferromagnetic nanostructure of FeCrSi nanocrystals has been produced by heterogeneous nucleation and growth of nanocrystals by partial devitrification from an amorphous F e 64.5 Cr 10 Si 13.5 B 9 N b 3 alloy with the Cu nanoparticles acting as catalytic nucleation sites. The interaction among the ferromagnetic nanocrystals via the residual amorphous matrix can be controlled by suitable choice of the amorphous alloy composition. Although demonstrated for a ferromagnetic system, the processing method may have much wider applicability for producing artificial nanostructures of a wide variety of materials when materials specific catalysts and amorphous alloy compositions are judiciously chosen.
Introduction
One-(1D) and two-dimensional (2D) patterned nanocrystal arrays are currently generating enormous scientific and technological interest. They may range from elemental metallic, semiconducting, magnetic, superconducting, and optical nanocrystal arrays patterned on a non-interacting substrate, to more complex composites consisting of nanocrystals embedded in an interacting matrix. Such composites may find many applications in spintronics [1] , electronics and computer science [2] , magnetic data storage [3] , magneto-optics [4] , and biology [5] . Therefore, any costeffective, simplified processing technique that can produce such nanocrystal arrays will likely impact a wide area of science and technology.We demonstrate here for the first time a simple processing technique that can produce 1D/2D magnetic nanocrystal arrays by heterogeneous nucleation and growth of nanocrystals during partial crystallization of an amorphous alloy deposited on a 2D array of catalytic nanocrystals. Amorphous alloys are particularly attractive as starting material, because their metastable nature allows a much wider solubility of the elements in the supercooled liquid than is possible with their thermodynamically stable crystalline counterparts.
The choice of the catalytic nanocrystals (Cu) and the amorphous alloy F e 64.5 Cr 10 Si 13.5 B 9 N b 3 used in this work originates from earlier crystallization mechanism studies of these types of amorphous alloys. Amorphous F e 73.5 Si 13.5 B 9 N b 3 Cu 1 , known as FINEMET, was discovered in 1988 [6] and drew immediate attention for its extremely soft ferromagnetic properties (high permeability, very low coercivity, low magnetostriction, and high saturation magnetization). When partially crystallized, it produces a very high density (∼10 24 /m 3 ) of extremely small (∼10 nm) ferromagnetic α-Fe-Si nanocrystals. The nanocrystals are surrounded by the remaining amorphous matrix, which is also ferromagnetic. It is now well understood [7, 8] that atomic clusters of Cu atoms first precipitate from the amorphous alloy in high density at spatially random locations (homogeneous nucleation and growth), 100 to 120 K below the primary crystallization temperature. Subsequently, α-Fe-Si nanocrystals nucleate and grow heterogeneously on the Cu clusters near the primary crystallization temperature (790 K). It is believed that heterogeneous nucleation is favored by the low interfacial energy due to good lattice match between fcc-Cu(111) and bcc-Fe(011) surfaces [7, 8] .
Growth of the α-Fe-Si nanocrystals is hindered by the slow rejection (diffusion) of much larger Nb atoms (atomic radius of 0.147 nm, compared to 0.127 nm for Fe [9] ) from the amorphous matrix, producing very small ferromagnetic nanocrystals. The important point to note is that such a unique microstructure is possible because of the catalytic activity of Cu, slow diffusivity of Nb, and the mutual immiscibility of Cu, Nb, and Fe under equilibrium conditions. In this work, we have successfully applied the above concept to produce patterned magnetic nanoarrays by providing the catalytic Cu-nanoparticles externally, in a 1D or 2D pattern, using the laser-interference induced self-organization of Cu thin films. The basic process consists of the following steps. First, an array (1D or 2D) of nanocrystals of a suitably chosen catalyst (Cu in the present case) is produced on an appropriate substrate (such as SiO 2 ) by nanosecond laser-induced self-organization. In this technique, nanoparticle arrays with spatial order can be assembled due to a variety of mechanisms, including a dewetting instability [10, 11] and/or thermocapillary convection with Rayleigh-like instabilities [12] [13] [14] . Second, an amorphous film of a ferromagnetic alloy (F e 64.5 Cr 10 Si 13.5 B 9 N b 3 in the present case) is deposited on top of this metal catalyst nanoarray by laser ablation. Third, by appropriate heat treatment, the desired nanocrystals (ferromagnetic FeCrSi nanocrystals in the present case) are allowed to nucleate and grow on top of the catalytic nanoparticles from the amorphous phase by partial crystallization (devitrification). Compared to homogeneous nucleation, which is a stochastic random process, heterogeneous nucleation of the ferromagnetic nanocrystals occurs preferentially at the Cu catalyst sites, as explained in the subsequent sections, mimicking their 1D/2D pattern. The template provided by the nanocatalyst array, produced by laser-induced-self-organization in the present case, can also be formed by more conventional methods, such as nanolithography.
The ferromagnetic amorphous alloy F e 64.5 Cr 10 Si 13.5 B 9 N b 3 was chosen instead of the FINEMET (F e 73.5 Si 13.5 B 9 N b 3 Cu 1 ), because of its easier glass formability and the paramagnetic state of the residual amorphous matrix at room temperature after primary crystallization [15] . The amorphous alloy films were deposited on the patterned Cu nanoarrays as well as the unpatterned Cu films. Magnetic Force Microscopy (MFM) measurements on thermally treated films confirmed that the resulting nanocrystal arrays consisted of ferromagnetic particles, most likely of FeCrSi alloys, and their spatial arrangement followed the periodicity of the Cu nanoarrays. On the other hand, in the case of thermal treatment of the alloy films on the unpatterned Cu films, only random spatial arrangements of ferromagnetic nanocrystals were produced. These results confirmed the heterogeneous nature of the devitrification process leading to ferromagnetic nanocrystal-array formation.
Although demonstrated here for a ferromagnetic system, this processing method may be applied to other types of (semiconducting, superconducting, or optically active) materials by judicious choice of the amorphous alloy and the alloy-specific catalytic nanocrystals. Additional advantages of this method are likely to come from: 1) the ability to enhance or reduce magnetic interactions among the nanocrystal arrays by tuning the composition of the remaining amorphous matrix after partial crystallization; 2) control of the aspect ratio (height/diameter) of the nanocrystals to produce columnar nanostructures through adjustment of film thickness, annealing conditions and size of the catalytic naocrystals; and 3) the chemical protection provided to the nanocrystals from the ambient environment by the remaining amorphous matrix surrounding them.
Experimental Details
The Cu films of thickness 2-10 nm were deposited by vapor deposition or electron beam evaporation under high vacuum (10 −7 Torr for vapor deposition and 10 −9 Torr for electron-beam heating)
on commercial optical quality SiO 2 /Si wafers consisting of a 400 nm thick thermally grown oxide layer on polished Si(100) wafers. Subsequent irradiation by laser-interference patterns using a Spectra Physics Nd:YAG laser (266 nm wavelength, 10 ns pulse width, 50 Hz repetition rate) at laser energies above the melt threshold of the Cu film for ∼1500 pulses produced 1D or 2D patterned arrays of Cu nanocrystals. Two beam interference was performed at an angle of 37 o to produce a 1D pattern with spacing Λ = λ 2Sinθ/2 ∼416 nm , where θ is the interference angle and λ is the laser wavelength. Three beam interference was performed with three pairs of beams interfering at angles of 54 o , 46 o and 34 o . These resulted in a 2D pattern with the periodic particle spacings of 295, 340 and 460 nm respectively. The ferromagnetic amorphous alloy films of thickness 20-30 nm were deposited on top of the planar Cu films or patterned Cu nanocrystals by pulsed laser ablation using the same laser. The laser ablation target was made by arc melting of high purity (3N and higher) elements in stoichiometric ratio. The laser beam energy density used for ablation was 160 mJ/cm 2 and the deposition time was 20-30 minutes at a base pressure of 3×10 −8 Torr. During the amorphous alloy film deposition, the substrate temperature was maintained around 135-140 K by liquid nitrogen cooling to facilitate amorphous film formation. The thin films were subsequently annealed at various temperatures (673 to 823 K) for various lengths of times (15 minutes to 1 hr) under high vacuum (10 −6 Torr) inside sealed quartz tubes. Because of the possibility of easy oxidation of such thin films, it was important to remove even trace amounts of oxygen from the sample surroundings during annealing. To achieve this, about gram quantities of T i 50 Zr 50 getter ingots, situated 4-5 inches away from the alloy films, were included inside the quartz tubes. The getter was RF-heated to ∼1300 K for about 10 minutes to remove any residual oxygen, before thermal annealing of the samples. The resulting nanostructure of the annealed alloy films were studied by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) using a Hitachi S-4500 fieldemission SEM, ambient tapping-mode atomic force microscopy (AFM), and MFM. The AFM and MFM system used in this work is a Digital Instruments Dimension 3000 Multimode IIIA scanning probe microscope. The probes used are magnetic etched silicon probes (MESP), manufactured by Veeco Instruments. The MFM tips are coated with a few tens of nm thick CoCr magnetic alloy.
Results and discussion
We have shown previously that irradiation of ultrathin metal films by ns pulsed lasers, either during growth [16] or following film deposition [10, 14] , results in the formation of a variety of patterns. Typically, irradiation by a uniform laser beam results in self-organized dewetting patterns that eventually form a stable state of nanoparticles with spatial short range order [10] . On the other hand, irradiation by laser interference patterns eventually results in nanoparticles showing 1D or 2D spatial arrangements [13, 14] . Here we have applied 2-beam or 3-beam laser-interference irradiation to ultrathin Cu films for the formation of 1D and 2D arrays, respectively. The resulting 1D nanocrystal arrays are spatially periodic, with spacings determined by the separation of the interference fringes and pattern forming instabilities.
Recently we have shown that for the case of ultrathin metal films, pattern formation under 2-beam laser interference irradiation proceeds by the formation of elongated wire-like structures during the early stages (small number of laser pulses) of laser irradiation [12] . The length scale separating the wires is determined by the interference length scale and the dominant mechanism is thermocapillary flow [17, 18] under the periodic laser intensity distribution. For longer irradiations (large number of laser pulses), the wires break-up into droplets by a Rayleigh-like instability [19] leading to the formation of 1D patterns which show long range order due to fringes and short range order due to the Rayleigh-like instability. However, in the case of 3-beam irradiation, the formation of the elongated wire-like structures is absent and thermocapillary flow is presumed to be the primary mechanism of patterning. This results in patterns with 2D order. Fig. 1(a) and (b) show the SEM images of representative 1D and 2D patterns formed on 7.9 nm and 6 nm Cu films, respectively. EDS measurements in the SEM confirmed the chemical identity of the nanoparticles. For the 1D pattern, the particles form along lines separated by about 416 nm, consistent with the two-beam interference conditions in this experiment. The average particle diameter was~139 nm. The 3-beam interference resulted in a 2D pattern, as shown in Fig.  1(b) consisting of particles along various periodically spaced lines, as marked on the figure. The orientation and spacings of the periodic features were consistent with the geometry of the 3-beam patterns. The 2D pattern was better developed than the 1D pattern, and the particle diameter followed a bimodal distribution (with averages of~143 and~65 nm); a much smaller volume fraction of smaller particles was also present. The improved spatial order for the 3-beam over the 2-beam case is presumed to be due to the intrinsically different mechanisms in play for the two cases. As noted above, the 2-beam patterns form as a result of thermocapillary flow and the Rayleigh-like instability. On the other hand, the 3-beam appears to be primarily due to thermocapillary flow, as is confirmed by the spatial length scales found in the patterns. However, improved processing parameters, including better control of the intensity of each incident laser beam, optimized flu-ence, irradiation time, and initial film thickness are presently under investigation to determine if monomodal particle size distributions and improved patterns can be achieved for the case of Cu. While the periodic spacing are determined by the interference beam geometry (for 3-beam case), the diameter and separation of the particles along the lines appear to be controlled by the film thickness, as demonstrated in Fig. 1(c) . Therefore, the size and areal density of the Cu-nanocrystals could also be potentially controlled by experimental variables. In the present experiments, patterned areas are restricted to several regions of approximately 100 × 100µm 2 or smaller in area.
This limitation is primarily due to the spatial inhomogeneity of the laser beam intensity and is not an intrinsic limitation of the processing technique. By using laser sources that can provide higher spatial beam homogeneity along with spatial filtering techniques, significant increase in the size of the patterned areas should be possible.
To produce ferromagnetic nanocrystal arrays, thin films (20-30 nm) of F e 64.5 Cr 10 Si 13.5 B 9 N b 3 alloys were deposited by laser ablation onto as-deposited Cu films, on 1D and 2D patterned Cu nanocrystal arrays and on the SiO 2 substrates. SEM micrographs of the as-deposited films on SiO 2 substrate or on unpatterned Cu films were devoid of contrast and failed to show any particles under the highest SEM magnification (500 k), although EDS measurements confirmed the presence of all the elements in the ferromagnetic alloy film. Corresponding AFM and MFM images also failed to show any particles. The absence of granular structures is indicative, but not a confirmation, that the as-deposited alloy films are fully amorphous. Future studies are aimed at investigating the microstructure of the as-deposited and devitrified alloy films using transmission electron microscopy.
Following annealing, a very different microstructure was observed, as shown in Fig. 2 . The SEM, AFM and MFM images of a 25 nm F e 64.5 Cr 10 Si 13.5 B 9 N b 3 alloy film on unpatterned 6 nm Cu film after partial crystallization (823 K for 1h), are shown in Fig. 2(a), (b) , and (c), respectively. The SEM image is from a different region of the sample, while the AFM and MFM images represent identical regions. The MFM signal clearly confirms the ferromagnetic state of the nanocrystals. The nanocrystals are most likely FeCrSi alloys, as will be discussed in the next paragraph. Whatever the exact composition of the nanocrystals may be, the most important point to note is that the nanocrystals have a random spatial distribution and have large particle size distribution (26 to 130 nm).
In contrast, when the F e 64.5 Cr 10 Si 13.5 B 9 N b 3 film was deposited on patterned Cu nanocrystal arrays, a dramatically different microstructure was observed. Fig. 3(a), (b) , and (c) show the SEM, AFM, and MFM images of a partially crystallized F e 64.5 Cr 10 Si 13.5 B 9 N b 3 film on a patterned 9 nm Cu film after 803 K (1h) anneal. Once again, the AFM and MFM images are exactly from the same area of the sample, while the SEM image is from a different region. A 2D pattern, more developed in one direction, is visible in all three images produced by the three different imaging techniques. The patterns are similar to those observed in the Cu films after laser irradiation (not shown, but similar to that in Fig. 1(b) ), before the deposition of the amorphous F e 64.5 Cr 10 Si 13.5 B 9 N b 3 films. The crystallites in the AFM and MFM images show a one to one correspondence. Most significantly, the MFM image is unequivocal evidence that the nanocrystals are ferromagnetic; not an image of the underlying nonmagnetic Cu-nanocrystals. This clearly shows that the ferromagnetic nanocrystals have nucleated and grown on top of the Cu nanocrystals by heterogeneous nucleation and growth, confirming the basic hypothesis outlined in the introduction. The exact composition of these nanocrystals is not known at the moment. However, EDS measurements showed enhanced amounts of Fe and Cr (comparable to Cu) and Si in these patterned regions. X-ray diffraction studies of the partially devitrified amorphous ribbons of the same composition, produced by melt spinning, identified the nanocrystals as a bcc-phase, similar to α-FeSi with slightly larger lattice parameter [15] . Magnetization measurements of the partially crystallized ribbons for the F e 64.5 Cr 10 Si 13.5 B 9 N b 3 alloy showed a ferromagnetic Curie temperature of 470 K, compared to 854 K for the corresponding alloy without Cr, confirming the presence of significant amounts of Cr in these nanocrystals. All these data suggest that the nanocrystals are most likely FeCrSi alloys. Similar measurements of the partially crystallized thin films are, however, not possible because of the microscopic (< 1 2 g) sample quantities. When the same experiment was repeated for the F e 74.5 Si 13.5 B 9 N b 3 alloy films, while the SEM and AFM images showed similar patterns, the corresponding MFM images were significantly blurred. We believe that since the remaining amorphous matrix after partial crystallization was also ferromagnetic (compared to paramagnetic in the presence of Cr [15] ), the magnetic signal from the corresponding FeSi crystals became significantly distorted by the stray field of the surrounding amorphous matrix. Therefore, the present experiment also demonstrates that the matrix surrounding the magnetic nanocrystals can be made ferromagnetic or paramagnetic by proper choice of composition of the starting alloy film. This is an important advantage, because the magnetic interactions among the nanocrystal arrays may be turned on/off or fine-tuned to specific requirement for applications.
Conclusions
In summary, we have demonstrated that periodic arrays of ferromagnetic nanocrystals can be formed by heterogeneous nucleation of multi-elemental alloy thin films on a template of catalytic nanoparticles. Deposition of ultrathin Cu films followed by ns pulsed laser interference irradiation resulted in the formation of periodic arrays of Cu nanocrystals. Subsequently an alloy thin film of F e 64.5 Cr 10 Si 13.5 B 9 N b 3 was deposited on the Cu array or unpatterned Cu thin film by pulsed laser ablation. Thermal treatments showed that alloy films deposited on Cu arrays produced ferromagnetic nanocrystals that showed the periodicity of the Cu arrays. This confirmed that ferromagnetic grains, most likely of FeCrSi alloy, preferentially nucleated and grew at the Cu nanoparticle sites. Similar experiments done on unpatterned Cu film resulted in a disordered spatial distribution of magnetic grains. Although demonstrated here for a ferromagnetic system, the processing method may have much wider applicability to semiconducting, superconducting, and optically active materials, including composites, when material specific catalytic particles are appropriately selected. • Fig. 2: SEM (a) , AFM (b), and MFM (c) images of F e 64.5 Cr 10 Si 13.5 B 9 N b 3 alloy film on unpatterned 6 nm Cu film after 823 K (1h) anneal. The AFM and MFM images are over a 2 × 2 µm area and are from a different location on the sample as compared to the SEM image. The random spatial distribution of the particles (bright features) is evident in each image.
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